A study of the high-frequency performance of GaN-based asymmetric self-switching diodes (SSDs) designed for a room-temperature sub-THz Gunn emission, and connected to a resonant RLC parallel circuit, is reported. With the aim of facilitating the achievement and control of Gunn oscillations, which can potentially allow the emission of THz radiation by GaN SSDs, a time-domain Monte Carlo (MC) theoretical study is provided. The simulator has been validated by comparison with the I-V curves of similar fabricated structures, including the possibility of heating effects. A V-shaped SSD has been found to be more efficient than the square one in terms of the DC to AC conversion efficiency η. Indeed, according to our MC results, a value of η of at least 0.35% @ 270 GHz can be achieved for the V-shaped SSD at room temperature by using an adequate resonant circuit. This value can be increased up to 0.80%, even when considering the heating effects, with appropriate RLC elements. Furthermore, simulations show that when several diodes are fabricated in parallel in order to enhance the emitted power, there is no synchronization between the oscillations of all the SSDs; however, the phase-shift effects can be solved using a synchronized current injection by the attachment of a resonant circuit.
Introduction
Strong interest has been shown in investigating the THz frequency range due to the countless applications in a wide range of fields [1] . In this context, planar self-switching diodes (SSDs), originally proposed by A. M. Song et al [2] , are being explored with the aim of achieving THz emission, since their topology is especially appropriate for the development of Gunn oscillations [3] . This device provides an interesting non-linear behavior (based on the presence of surface charges and a lateral field effect) and can be fabricated with a simple single-step lithographic process. The operation of SSDs as detectors can approach the THz range at room temperature [4] , as experimentally demonstrated in references [5] [6] [7] . On the emitter side, in order to achieve the highest frequencies and emitted power, promising materials such as GaN have been recently explored [8] [9] [10] [11] due to its very high breakdown field and saturation velocity and the possibility of high temperature operation. In fact, in recent years much effort has been dedicated to the fabrication of vertical GaN Gunn diodes [12] , so far without success. The planar design of SSDs allows for the enhancement of power emission by means of parallelization, which also provides more flexibility in the design. For example, thanks to the possibility of introducing several devices with different characteristic frequencies, a better broadband performance can be achieved.
In order to experimentally achieve and control the oscillating behavior, Gunn diodes, acting as free oscillators, have to be embedded in a resonant circuit to be operated, which can be a parallel RLC circuit connected in series with the devices [11] [12] [13] . Up to the present time there has not been any experimental evidence of Gunn oscillations in GaN-based devices, in part because the most likely solution for overcoming the practical problems, which is the fabrication of diodes with integrated resonators (quite complicated because of the technological difficulties to achieve resonant circuits at targeted oscillating frequencies), has not been possible yet [14] . In order to advance in such a direction, physical models that include the intrinsic physical behavior of the SSDs and their coupling to a resonant circuit must be used. In particular, particle-simulation time-domain methods, such as the Monte Carlo (MC) [15] model, are highly appropriate for the analysis of Gunn oscillations [8, 10, 11] , but they are difficult to apply for circuit simulation (where a frequency-domain analysis is more efficient). Other issues to be considered when dealing with the Gunn effect in GaN diodes are heating effects [12] . As explained in [16] , when the diodes operate under only a DC voltage, the use of a V-shaped design for the channel, instead of the standard square one, allows a decrease in the threshold voltage needed for the onset of Gunn oscillations, which are achieved with a much lower DC current, which helps to alleviate the thermal problems.
In this context, the aim of this work is to analyze the time-domain operation of both V-shaped (VS-SSD) and square (SQ-SSD) GaN planar Gunn SSDs when connected to a resonant-circuit by coupling a semi-classical ensemble MC model, employed for the simulation of the intrinsic device, with a consistent solution of a parallel RLC circuit connected in series [17] to the intrinsic device, as shown in figure 1 . Heating effects are also implemented in the model. The two types of designs, SQ-and VS-SSDs, are analyzed and compared in terms of oscillation frequencies, DC to AC conversion efficiency, and thermal performance. The use of a resonant circuit to achieve the synchronization of the Gunn oscillations taking place in individual channels of an array of parallel SSDs is also illustrated. Finally, the effect of the parasitic elements that may affect the practical implementation of the oscillators, mainly the crosstalk capacitance C talk , as a function of the number of SSDs to be put in parallel are discussed.
The present paper is organized as follows. In section 2 the devices under analysis and the MC model employed, whose validity is verified by comparison with experimental I-V curves, are described. The study of the operation of the oscillators is presented in section 3, and afterwards, in section 4, the most important conclusions of this work are drawn.
SSDs under study and physical models
The schematic topology of the GaN planar (a) SQ-SSDs and (b) VS-SSDs under analysis are shown in figure 2, both providing similar current levels (see figure 3) . The simulated devices replicate the topology of real devices fabricated on an epitaxial layer consisting of an Al 0.3 Ga 0.7 N/GaN (1.8 μm) heterojunction (Ga-face) grown by metal oxide chemical vapor deposition on a high resistivity silicon (111) substrate. The two-dimensional electron gas in the quantum well was 23 nm below the surface covered by 5 nm of S i O 2 for passivation.
Monte Carlo model
For the calculations we make use of a semiclassical ensemble MC simulator self-consistently coupled with a two-dimensional (2D) Poisson solver, whose validity has been previously checked [4, 8, 18] and has been very useful for the understanding of the physical behavior of SSDs and the optimization of their performances (mainly as detectors). Electron transport in GaN is modeled by three non-parabolic spherical valleys (Γ 1 , U, and Γ 3 ) with intervalley, acoustic, and optical phonons, ionized impurities, and piezoelectric scatterings [19] . To model the geometry of SSDs based on the AlGaN/GaN heterojunction, the so-called top view simulations [4, 8, 18, [20] [21] [22] [23] have been employed. The real layer structure of the devices is not included (just the GaN channel), while two ad hoc parameters must be considered, namely: (i) a virtual background net doping N Db , which is assigned to the simulated GaN layer (although the associated scattering is not considered) in order to account for the fixed charges at the top surface and the heterojunction; and (ii) a negative surface charge density σ, which is assigned to the semiconductor-air interfaces to account for the influence of the surface states originated during the etching process. For both devices SQ-and VS-SSDs, a value of N Db = 5 × 10 17 cm −3 has been used, while σ is updated consistently with the surrounding electron concentration in order to reproduce the correct behavior of the device [21] . The simulation domain is discretized in meshes of 10 nm × 10 nm (finite differences solution of the Poisson equation is done), small enough for a correct description of the leaning interfaces of the VS-SSD. The non-simulated dimension used to calculate the absolute values of the current [4] has been considered to be Z = n s /N Db = 0.1 μm (taking as a base the experimental value of the electron sheet concentration, n s = 5 × 10 12 cm −2 ).
Thermal effects
In order to account for the thermal effects in the MC simulations, a self-consistent method making use of the thermal resistance of the structure has been implemented [24] . Initially, the average output current is evaluated over a certain period I MC , and the lattice temperature T latt is updated according to the expression T RI V 300 K latt th MC = + , where R th is the thermal resistance of the device and V the bias voltage. The lattice temperature, and consequently the contact injection and scattering rates, are thus iteratively adapted selfconsistently to the power dissipated within the device. In order to characterize the thermal effects appearing in our devices, in figure 3 the MC I-V curves calculated (i) at room temperature and ii) using a thermal resistance of R th = 10 × 10 −4 K/(W/m) are compared to the experimental DC and pulsed characteristics. The setup used to perform the experimental measurements on the SSDs consists of a probe station connected to a semiconductor analyzer Keithley 4200 SCS with a pulse measurement unit (Keithley 4225-PMU) and a remote amplifier/ switch (Keithley 4225-RPM), which allows us to perform ultrafast pulsed I-V measurements. We have used a pulse width of 770 ns with a period of 0.1 ms, which provides a very short duty cycle of less than 1%. Figure 3 shows that the low bias region is similar for DC and pulsed measurements, but for V > 10 V, when the dissipated power becomes significant, there are clear differences: the current decreases as the heating is intensified by the higher bias. A good agreement is found between the pulsed (heatingless) characteristic and the MC simulation at room temperature. For the DC case, several values for R th were tested in the thermal MC simulations, obtaining the best agreement with the experiments done in the SQ-SSD when a value of R th = 10 × 10 −4 K/(W/m) is used (not far from the thermal resistance found for GaN HEMTs [25, 26] ). Under these conditions the simulations show that the devices reach a maximum temperature of about 500 K at 20 V, also in good agreement with the experimental findings. MC simulations of Gunn oscillations in GaN SSDs including thermal effects show that the heating leads to a decrease of the oscillation frequency due to a lower drift velocity of the Gunn domain. However, even if the temperature increase can be as high as 200 K, the heating is not enough to kill the Gunn oscillations [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Resonant circuit
In order to represent the influence of a resonant circuit on the oscillation capability of the diodes, the intrinsic MC simulations of the diodes have been coupled to the resolution of a parallel RLC resonant circuit connected in series with the diode [17] . The circuit configuration is sketched in figure 1 . The circuit equations to be solved are the following:
where V D and V RLC are the voltage drops at the terminals of the diode and the RLC circuit, respectively. The total current flowing through the SSD, j D , is:
with j L being the current flowing through the inductance L, which can be obtained through:
L RLC = On the other hand, the total current flowing through the diode has two components:
The drift component of the current j v is directly calculated by the MC technique from the particle velocities, following the generalized Ramo-Shockley theorem [27] , and the dis-
= is due to the time-varying potentials at the electrodes of the diode, C D being its capacitance. The parasitic effect of the crosstalk capacitance (C talk , not included in the MC model) can be easily accounted for by adding its value to C D . The coupling of the circuit equations with the MC simulator is carried out following a finite-difference time-domain scheme, using the same time step as the simulator. The voltage drop at the terminals of the diode V D , used to solve the Poisson equation, is updated at each time step, with the solution of the previous system of equations obtained with the value of j v provided by the MC simulation [28] .
The results of MC simulations considering one single diode (using a resonant circuit with R 1 , L 1 , and C 1 ) can be extrapolated to the case of the parallelization of N SSDs (in order to decrease their high impedance and increase the delivered power), as long as a resonant circuit having
Finally, in order to analyze the diodes' capability as emitters, the dissipated DC power (P DC ) and the time-average AC power (P AC ) are evaluated, and the conversion efficiency is calculated as
Thus, negative values of η indicate a resistive behavior of the diode, while positive values mean AC generation from the DC bias [29] . . This is consistent with the fact that self-oscillations in Gunn diodes appear around the upper limit of the negative resistance frequency range, when the resistance tends to recover the zero value [30] . For the VS-SSD, the negative values of the resistance appear at lower applied voltages but with similar values than for the square diode. For the highest analyzed values of V DC , a second range of frequencies providing negative resistance appears (150-220 GHz and 300-420 GHz at V DC = 60 V for the SQ-SSD), indicating the fact that current oscillations with two Gunn domains are also possible [8] . The imaginary part X D is always negative, indicating a capacitive character that should be compensated by the external resonant circuit in order to implement an oscillator at a given frequency.
Results

Generation bands
Efficiency and frequency of oscillations
To achieve Gunn oscillations, an RLC parallel circuit has been placed in series with a single diode. Figure 5 presents (a) the efficiency η; and (b) the theoretical expected frequency of the current oscillations ( )
+ and the one obtained by MC simulations (f MC ), when considering a resonant circuit with R = 0.5 MΩ, C = 0.01 fF, and L varying from 5-100 nH. The diode intrinsic geometric capacitance is C D = 0.0057 fF. As observed, the negative differential resistance of the SSD, combined with the feedback of the resonant circuit, leads to oscillations at a frequency lower than the characteristic resonant frequency of the RLC circuit (f 0 ) and, as well, lower than that of Gunn self-oscillations (around 385 GHz). A maximum efficiency of 0.18% has been found for R = 0.5 MΩ, C = 0.01 fF, and L = 12 nH (providing oscillations at 275 GHz). However, we have to stress that the time consuming MC simulations (computation time being around 4 h per point) and the required test-and-error procedure for the efficiency comparison in a post-processing stage allow us to check just a limited set of combinations of R, L, and C values. Thus, the efficiency could be further improved by optimizing these elements as well as the circuit configuration. The values adopted for the RLC resonant circuit may appear unfeasibly low, especially C. However, as will be discussed in Section 3.4, this problem can be solved by considering an array of N channels in parallel instead of a single SSD, with the corresponding scaling of the RLC values.
The achieved conversion efficiencies are consistent with other theoretical predictions in submicrometer GaN Gunn diodes [31] . Experimental results available for a mature technology like InP diodes offer conversion efficiencies around 1-3% in D-band [32] and 0.33% @ 280 GHz [33] . Figure 5 also shows that a large frequency tunability (from 270-350 GHz) can be achieved at the expense of lower efficiencies. Even if these low values for the DC to AC conversion efficiency could be already experimentally useful, there is still much room for improvement by further optimizing the circuit design (with optimum values for R, L, and C, and different circuit configurations) and the intrinsic characteristics of the SSD.
In order to establish a comparison between the SQ-and VS-SSDs, the dynamic behavior of both SSDs, coupled with the same resonant circuit with R = 0.5 MΩ, C = 0.01 fF, and L = 12 nH, has been analyzed for different DC biasing conditions. Figure 6 shows that the VS-SSD exhibits a threshold voltage for the onset of oscillations of V DC = 20 V, lower than in the SQ-SSD, which needs V DC > 25 V. The oscillation frequencies are in the range 265-275 GHz in the VS-SSD, only slightly dependent on V DC and with lower values than for the SQ-SSD (which provides 275-290 GHz). For both kinds of diodes, the efficiency presents a maximum value at V DC = 30 V, which is significantly enhanced for the VS-SSD, reaching around 0.35%. Nevertheless, we must remark again that, since just a limited set of R, L, and C has been analyzed, the exact values of the maximum efficiency obtained for the different geometries cannot be taken as definitive, but only as a reference for a possible experimental implementation of Gunn oscillators based on SSDs that should achieve at least those figures.
For V DC > 55 V, two Gunn domains are built in the SQ-SSD (see figure 4) , improving both the efficiency and the frequency of the oscillations, with the drawback that the dissipated DC power is increased (60 mW per SSD at V DC = 60 V). To further illustrate this point, the time-dependent values of the current and voltage in the circuits with SQand VS-SSDs at V DC = 30 V are shown in figures 7(a) and (b), both exhibiting quite well-defined sinusoidal shapes at frequencies of about 275 GHz and 260 GHz, respectively. The phase shift between voltage and current is slightly larger than a quarter of a period, thus producing the ellipse-like contours shown in the phase plane portrait of ΔI(t) -ΔV(t) shown in figure 7(c) . The shape of the contours of figure 7(c) allows us a better understanding of the values obtained for the efficiency η, since the area within the 2nd and 4th quadrants has a positive contribution to η (current and voltage excursions have a different sign so that P AC (t) is negative, and an AC power is generated), while, on the contrary, 1st and 3rd quadrants mean that the AC power is dissipated, thus having a negative contribution to η. The bias dependence of η in the SQ-SSD can be thus explained. The decay when increasing the voltage from V = 30 V to a practically null value for V = 50 V is a result of the progressive reduction of the amplitude of the oscillations, while the subsequent increase for V = 60 V is mainly due to enhanced voltage variations. When comparing the SQ-and VS-SSDs at 30 V, the enhanced efficiency of the latter comes not only from the larger current and voltage excursions but also from an increased contribution of the 2nd quadrant (negative AC voltage and positive AC current).
Influence of heating
Because of the parallelization needed to improve the generated power, the effect of the self-heating on the oscillations can be also of key importance. It is thus necessary to perform MC simulations that consider both the self-consistent temperature model and the RLC circuit. In figure 3 we showed that our simulator reproduces satisfactorily the experimental I-V curves for the SSDs when heating effects are considered. The MC results for (a) η and (b) f MC have been plotted in figure 6 as a function of the DC bias at room temperature and considering R th = 10 × 10 −4 K/(W/m) in the simulations. Surprisingly, the efficiency obtained when heating effects are considered is higher than at 300 K, reaching a maximum of about 0.6% for the VS-SSD (at a temperature higher than 450 K) with similar oscillation frequencies, which are practically fixed by the external circuit. This can be attributed to the fact that the particular values of R, L, and C used for these MC simulations are not optimized for the devices at 300 K, but they better match the characteristics of the SSDs when operating at high temperature (because of an increase of the device resistance). Indeed, the efficiency of the VS-SSD can be even increased to 0.8% at V DC = 25 V by increasing both C and L to C = 0.014 fF and L = 16 nH, or to 0.72% with C = 0.022 fF and L = 12 nH, using a higher capacitance that may help to compensate the inhibiting oscillation effect of the crosstalk (that will be discussed later), since for N = 25 the value of C is already 5.5 fF. 
Parallelization and synchronization
When several diodes are fabricated in parallel, the absence of synchronization between Gunn self-oscillations taking place in different channels could strongly deteriorate the overall signal. To illustrate this point, we have obtained snapshots of the electron concentration and the U-valley occupation from the MC simulation of four diodes in parallel without and with an RLC circuit, as shown in figures 8(a) and (b), respectively. A clear diphase between domains in the different channels is observed when the DC bias is applied directly to the array of SSDs (left side of figures 8(a) and (b)), but when adding a parallel RCL resonant circuit in series, the synchronization of the oscillations is achieved, as observed in the right side of figures 8(a) and (b), in which the domain is in the same evolution stage in the four diodes. As a result, MC simulations of arrays of two and four SSDs in parallel show that when a DC bias is applied directly in the absence of a resonant circuit, the mean current is proportional to the number of diodes, but the amplitude of the current oscillations does not scale in the same way due to pronounced desynchronization effects. Fortunately, this problem is solved when a resonant circuit is connected to the array of SSDs, as observed in figure 8(c an RLC resonant circuit connected in series. In this case, current oscillations with around 350 GHz are observed, but with a significantly lower amplitude as a consequence of the desynchronization. The values adopted in the previous simulations for the elements of the RLC resonant circuit may appear unfeasibly low for a classical circuit approach. However, as described before, the values to be used when considering an array of N channels in parallel instead of a single SSD must be scaled accordingly. For N parallel diodes, the current obtained is the one provided by a single SSD multiplied by a factor N (a rule that also follows the capacitance of the diode). Therefore, if R/N, L/N, and C × N are taken as the values of the resonant circuit of the array of N channels, they provide the same efficiency obtained for N = 1, as shown in figure 8(d) . Table 1 shows the values of R, L, and C that provide the same efficiency (0.18%) as a single SQ-SSD for R = 0.5 MΩ, C = 0.01 fF, and L = 12 nH for different numbers of parallel diodes N. In order to obtain Gunn oscillations with few parallel SSDs it is necessary to use very small values of C. This may be a problem for the experimental achievement of current oscillations, since they can be of the order of the crosstalk capacitances C talk that could block the appearance of the Gunn oscillations in the fabricated devices. MC simulations including the crosstalk capacitances (see figure 1) , experimentally estimated to be about 5 fF (regardless of the value of N, since they result mainly from the geometry of the access regions) and show that oscillations are still generated by RLC circuits as long as a value of C higher than 5 fF is used, but with a slightly lower efficiency. In fact, this parasitic capacitance can be at the origin of the absence of experimental evidence of Gunn oscillations in the experimental devices [8] . This problem can be overcome by using a number of parallel SSDs that fulfill the condition C > C talk , as happens for N > 500. However, in such a case, the thermal management may be problematic, since already 100 SSDs would need a DC power above the 1 W level to operate (even if the V-shape geometry is able to decrease it almost to the half). Technologically, the crosstalk capacitances can be decreased by improving the design of the accesses and moving the ohmic contacts farther away, so that the number of channels to have C > C talk can be reduced as much as possible. Indeed, we expect to improve our mask design in future fabrication runs, aiming to achieve C talk < 1.0 fF so that the number of parallel SSDs can be reduced below N = 100. Furthermore, other circuit configurations of the resonator using higher capacitances may be used in order to reduce the influence of the crosstalk capacitance.
Conclusions
A semiclassical ensemble MC simulator self-consistently coupled with a 2D Poisson solver has been employed to analyzed the Gunn-oscillation operation of GaN-based SSDs, working in series with a resonant RLC parallel circuit, in terms of the DC to AC conversion efficiency and the currentoscillation frequency. The simulator, which allows us to take into account the heating effects by using a self-consistent temperature model, has been further validated by the good agreement with the I-V curves measured in fabricated SSDs.
According to our MC results, an efficiency of at least 0.18% can be achieved when including a proper RLC resonant circuit, with the possibility of frequency tunability from 270-350 GHz at room temperature. VS-SSDs have been found to be more efficient than SQ-SSDs, providing an η value of at least 0.35%. This value can be increased up to at least 0.80%, even when considering the degradation of the Gunn oscillations produced by self-heating effects.
The values of the elements of the RLC resonant circuit producing optimum oscillations can be modified if considering, instead of a single SSD, an array of channels in parallel (as commonly fabricated, given the enhancement of the current and the eventual emitted power). R/N, L/N, and C × N are the values of the resonant circuit elements that must be used with an array of N channels if one wants to obtain the same efficiency as for one single diode. This scaling may help to overcome the negative effect of the crosstalk capacitance of the diodes. Furthermore, a perfect synchronization of the Gunn oscillations of every single SSD in parallel is achieved by the connection of the SSDs' array to the resonant circuit. 
